The use of stripline, rather than coaxial, load configurations for isentropic compression experiments (ICE) on Sandia's Z accelerator has recently become commonplace. Such loads offer many advantages over previously-developed coaxial loads, but also introduce new issues. In this paper, we will describe the behavior of these stripline loads and examine some of the issues that arise through their use.
I. INTRODUCTION
The Z accelerator at Sandia is a unique platform to study matter under extreme conditions [1] . In its shaped pulse mode, it can deliver up to 20 mega-amperes (MA) of current to an inductive load over ~600 nanoseconds (ns) . The high surface current density and corresponding multi-megagauss magnetic field enable quasi-isentropic compression experiments to stresses of several megabars. A recent innovation in this area has been the use of a stripline, rather than coaxial, load configuration (See Fig.  1 ). This configuration allows higher magnetic fields at sample surfaces than a coaxial configuration for the same driver current. Also, the magnetic fields on the anode and cathode surfaces are inherently balanced. Due to differences in the topology of the magnetic field, striplines can drive flyer plates with significantly better planarity.
However, there are new issues that arise with the introduction of such loads. The coaxial configuration is a closed system in the sense that all the magnetic flux is contained between the electrodes. In contrast, the flux in the stripline configuration is not contained between the electrodes, but in fact loops around the outside of each electrode. This, combined with constraints associated with the stripline's termination and connection to the driver, necessarily introduces an axial variation (in the direction of the current flow) in the magnetic field of the stripline. In addition, the transverse cross-section of the stripline has a significant effect upon the amplitude of the magnetic field between the stripline's electrodes for a fixed drive current, as well as the transverse uniformity of the magnetic field within the stripline. In this paper, we will describe the electromagnetic modeling of various stripline configurations, as well as our efforts to optimize the stripline's geometric configuration to maximize both the magnetic field strength available for compression (for a fixed current) and the uniformity of that field. This will include a discussion of the effects of constraints dictated by other aspects of the experiment, and the tradeoffs that must be considered in the optimization process. 
II. 2D STRIPLINE ANALYSIS
Although ICE stripline loads are inherently 3D structures, it is useful to analyze them in 2D in order to understand the relationship between the stripline's configuration and the design goal of maximizing both the magnetic field's amplitude (for a fixed current) and uniformity on the inner surfaces of the stripline electrodes. Consider a general stripline cross-section as shown in Fig. 2 , consisting of two electrodes which carry current in the direction in and out of the page. The distribution of current density on the electrode surfaces (and hence the magnetic field) can be obtained by solving the electrostatic problem for the surface charge density (ρ s ) and recognizing that the surface magnetic flux density B s = μ 0 cρ s . This problem can be solved using Green's theorem and the 2D Green's function G to obtain an integral equation for ρ s on the two electrode surfaces, i.e., ( )
where Φ is the electric scalar potential, S is the combined surface of the electrodes, and
By using a discrete approximation for ρ s , Eq. (1) reduces to a matrix equation. We have chosen to approximate ρ s using a piecewise-constant approximation, and then enforce Eq.
(1) at the midpoint of each piecewise-constant interval. To completely constrain the solution we choose an arbitrary potential difference between the two electrodes (e.g., 1 volt) and require that the net charge on both electrodes be zero to constrain the absolute potential of the two electrodes. In Eq.
(1), since both G and ∂G/∂n are singular (but integrable) when x x ′ = r r , special care must be taken when evaluating matrix elements that include the singularity.
Using solutions to Eq. (1), we can examine how the fraction of the total current in the stripline that flows on the inner surface of the electrodes varies as the dimensions of the stripline are varied. Fig. 3 shows the dependence of this fraction upon the gap g for several electrode thicknesses ( ), where all lengths are normalized to the stripline width w. Because of edge effects, the magnetic field is not uniform over the stripline's inner surface, and has a minimum value at the center of that surface. Fig. 4 shows the ratio of the midline magnetic field (B mid ) as a function of the gap for various electrode thicknesses. Note that B mid is normalized such that a value of one indicates a constant value over the entire inner surface. We can define an effective stripline width (w eff ) to be the width of the portion of the inner surface for which B does not exceed B mid by more than a specified amount. Fig. 5 shows how w eff depends on the stripline geometry for three specified variations. Note that w eff is essentially dependent only on g/w; electrode thickness has only a minor effect on this quantity. III.
3D STRIPLINE ANALYSIS
Although 2D analysis is useful to show how a stripline's geometry affects its distribution of current, the ICE striplines have axial variations and must be modeled in 3D to accurately determine the configuration of the current and magnetic field. Causes for this variation include the complex coaxial-to-stripline feed, the shorting line termination, and variations in the line's cross-section due to diagnostic shields and other experimental apparatus (see Fig. 1 ).
For our initial analysis, we used the electromagnetic particle-in-cell simulation code Quicksilver [2]. Fig. 6 shows the simulation geometry for a particular single-sided configuration with w = 10 mm and length L = 35 mm. Examination of Fig. 6 shows the conformal fit of the electrodes to Quicksilver's Cartesian grid. The simulations were driven through the coaxial input plane (bottom) to a steady-state condition. Several simulations were performed with variations in the gap and electrode thickness of the stripline. Note the complex transition from coaxial to stripline at the lower end of the line and the shorting conductor (blue) at its upper end. The cathode electrode (orange) is thicker because of a shield housing for diagnostic signals. The cylindrical structure in the upper half of the geometry was added to the Quicksilver model to bound the simulation. The size of this structure was chosen to have minimal effect on the current flowing in the stripline itself. In the actual experiment, this region is open to a much larger volume. The grid for these simulations was constructed with 21 rectilinear blocks containing a total of ~8.6 million cells. The runtime was 20 ns using a timestep of 0.25 ps (80K timesteps), and took ~20 minutes each on 64 processors of a Linux cluster. Fig. 7 shows |B| in the y = 0 plane for the case g = 2mm and t = 5mm. The dashed horizontal red lines delimit the axial extent of the stripline. Fig. 8 shows the fraction of the total current carried on the inner surface of the stripline for four combinations of g and t a . Superimposed with dashed lines are the values predicted by the 2D analysis of Section II above. Note that these 2D values are not constant in z since t c has an axial variation because of the shielding on the cathode. There is a straightforward physical explanation for the difference between the observed axial variation of the stripline current fraction and the 2D value. If the symmetry of the coaxial feed (see Fig. 6 ) were preserved, as the current flowed into the 10mm × 5mm cathode, ~one-third of the current would be expected to flow on each of its 10 mm surfaces. As z increases moving from the coaxial feed into the stripline (z > 0), the current distribution must transition between this symmetric limit and the 2D value. Similarly, as z increases moving toward the short at the upper end of the stripline, the current tries to move toward the inner surface of the stripline to take the shortest (minimum energy) path along the lower surface of the short, resulting in a current fraction larger than the 2D value. A. Optimizing Stripline Axial Uniformity Fig. 8 shows that axial variations in |B| over a large extent of the stripline are ~10%, and consequently the magnetic pressure varies ~20%. It is desirable to reduce that variation. For reasonably large values of g/w, Fig. 3 shows that the inner surface current fraction will be relatively insensitive to minor variations in w. This suggests that we can introduce a variation in w to compensate for the axial variation of |B| using the relationship ) ( ) (
where B 0 (z) is the field for an untapered line with constant width w 0 , and w 1 (z) is a first iteration toward a tapered line with a constant "target" field B target . Figure 7 . |B| in y = 0 plane for stripline with 2 mm gap.
To test this idea, we attempted to optimize the g = 2mm case from Fig. 8 . Defining B mid (z) to be the value of |B| along a z-directed line in the y = 0 plane, midway (in x) between the stripline electrodes, we first chose B 0 (z) to be to be a linear fit of B mid over the range z = 10-35 mm, extended down to z = 0, and its value there was chosen to be B target (see dotted red line in Fig. 9) . A second choice (referred to as "nonlinear") was also tried in which B 0 (z) = B mid (z) for z > ~11 mm, and linearly extended to a new B target at z = 0 (see dotted blue line in Fig. 9 ). Our choice of B target forces w 1 (z) > w 0 , which is desirable to avoid reblocking our Quicksilver grid. However, we needed to increase the resolution of the grid near the edge of the electrodes to have even marginal resolution of the taper computed with (3), resulting in an increased cell count of ~12 million cells. Fig. 10 shows both the linear and nonlinear tapers (in red and blue, respectively) superimposed on the grid, as well as the stepped conformal fit to the grid for each. Fig. 9 shows B mid (z) for the original untapered stripline and the two tapered stripline designs. The improvement in the uniformity is striking, but is also fairly clear that iteratively exploring further refinements with Quicksilver would be problematic without substantially increasing its spatial resolution. In order to obtain better spatial resolution of the tapered striplines, we use the unstructured-grid, tetrahedral element code, Emphasis/UTDEM [3] . Emphasis has several advantages over structured-grid tools:
• more accurate representation of complex surfaces,
• better spatial resolution where it is needed with significantly fewer cells (~1M tetrahedral elements vs. ~10M rectilinear cells for comparable Quicksilver simulations), Figure 10 . Tapered stripline edges and their fit to the Quicksilver grid.
• unconditionally stable field-solver allows relaxation of Courant constraints on Δt, • otal solution time is smaller (2-3 hours vs. 4-5 hours on a GHz quad-core Linux system), • quicker turnaround for geometry variations -meshes generated directly from s lid models. o Using this tool, a strategy of multiple iterations to improve axial field uniformity is credible.
We have optimized several different ICE stripline configurations to date; here we will show one example. Fig. 11 shows the surface mesh on the electrodes of an 11 mm wide, double-sided stripline load. This simulation used ~790K elements, with minimum and mean edge lengths of 0.084 mm and 1.4 mm, respectively. The timestep was set to 10 ps, which is approximately twice the average edge length divided by the speed of light, which is over 30 times the courant-limited timestep that a standard structured finite-difference solver would require for comparable resolution. The simulation was driven with an input pulse that ramped linearly from zero to a constant value in 5 ns, and remained constant for another 10 ns. Figure 11 . Surface mesh for Emphasis/UTDEM simulation of a double-sided ICE stripline load.
If we choose B 0 (z) = B mid (z) and B target = B mid (z 0 ), a first iteration for a tapered stripline can be obtained using Eq. (3). Fig. 12 shows B mid (z) for the initial untapered simulation (in red). Fig. 13 shows the initial stripline width (red) and its first iteration (green) obtained using Eq. (3), with z 0 = 7 mm. A simulation using w 1 (z) to taper the stripline was then performed. The resulting B mid (z) is shown (in green) in Fig. 12 .
Two further iterations were performed, as shown in Figs. 12 and 13. Based on the observation that for the first iteration B mid (z) is very uniform between ~4 mm and ~20 mm, we devised the following predictor algorithm to obtain the taper profile for further iterations:
• pick new B target from uniform B section of previous (k
where z k is chosen to separate the regions of acceptable and unacceptable uniformity in B k (z). In this case, z 1 and z 2 were chosen to be 11 mm and 27 mm, respectively.
The algorithm for obtaining a first iteration on an untapered stripline given by Eq. (3) seems to work exceptionally well for all of the optimization sequences that we have performed. However, the algorithm for further iterations given in the preceding paragraph is not so generally applicable. It has been our experience that the observed behavior of the magnetic field resulting from the first iteration can be quite different from case to case, and that a possibly different predictor algorithm, based on Eq. (3) and some combination of one or more of the previous iterations, must be devised based upon the behavior of the field for the first iteration. 
B. Experimental Validation
In the next few months, we expect to perform an experiment on Z using the load configuration shown in Fig. 11 using a stripline tapered with the profile w 2 (z) shown in Fig. 13 . In the meantime, we do have data from a Z experiment (shot 1934) that provides measurements of the magnetic pressure observed using an untapered, single-sided ICE load. In this experiment, the velocities of five flyer plates at five axial locations along the line were measured using a velocity interferometry system for any reflector (VISAR) [4] . The time-dependent magnetic field pressure in the stripline at each of the five flyer locations was unfolded from the VISAR data using a series of 1D MHD simulations [5] . Fig 14 shows a schematic of the load configuration indicating the location of the five measurements. Fig. 15 compares the experimentally measured magnetic pressure to that predicted using Emphasis, showing agreement better than 2%. 
C. Simulations Including Electron Flow
The Quicksilver code was used to examine the electron flow in these stripline loads. A stripline configuration topologically equivalent to that in Fig. 6 , but with a 1 mm gap, 20 mm width, and 69 mm length, was simulated. A 20 ns window of a typical input current pulse was used (see Fig. 16 ), chosen to be near the maximum value of . The waveform rapidly rises over 5 ns, then follows the actual current for another 15 ns. Electron emission was turned on at 10 ns. This simulation contained ~14.3M cells, and Δt = 0.078 ps. The particle push used 4 subcycles/timestep in order to adequately resolve the cyclotron frequency for magnetic fields up to ~450 Tesla. The simulation averaged ~12M particles.
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In this simulation, not a single one of the ~87M electrons that were killed hit the anode. The magnetic fields between the stripline electrodes are simply too high for electrons at these energies to cross. It should be noted that there will certainly be some electrons lost in the actual device, primarily due to the electron flow injected into the coaxial feed from Z's post-hole convolute current adder [6] , which will result in some heating of the anode.
IV. SUMMARY
However, it is clear that Joule heating will dominate electrode plasma formation in this region.
Electro ne loads has roven to be a valuable tool for the analysis of stripline V. REFERENCES , providing understanding of their behavior, as well as a tool for their design. This is an ideal application for unstructured-grid EM tools, such as Emphasis/UTDEM, because of their ability to accurately resolve complex, non-conformal structures. Comparisons of simulation predictions to experimentally measured magnetic pressures show good agreement. Using these tools, we have designed configurations that minimize the axial variation of the stripline's magnetic pressure. These designs will be tested in upcoming experiments. As a final note, simulations including electron flow indicate the electrode heating due to electron deposition will be small in these loads, particularly when compared to Joule heating. 
